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� There is a substantial gap between bio-energy potential and net energy gain.
� For reaching production goals the green gas utilization pathway is preferable.
� Environmental sustainability favors the waste management pathway.
� Renewable energy production goals and environmental sustainability do not always align.
� There is a gap between top–down regulation and actual emission reduction and sustainability.
a r t i c l e i n f o

Article history:
Received 25 January 2016
Received in revised form 5 April 2016
Accepted 6 May 2016
Available online 18 May 2016

Keywords:
Local bio-energy availability
Organic waste
Anaerobic Digestion
Biogas
Energy and environmental system analysis
LCA
a b s t r a c t

Anaerobic digestion (AD) can play an important role in achieving the renewable energy goals set within
the European Union. Within this article the focus is placed on reaching the Dutch local renewable produc-
tion goal set for the year 2020 with locally available biomass waste flows, avoiding intensive farming and
long transport distances of biomass and energy carriers. The bio-energy yields, efficiency and environ-
mental sustainability are analyzed for five municipalities in the northern part of the Netherlands, using
three utilization pathways: green gas production, combined heat and power, and waste management.
Literature has indicated that there is sufficient bio-energy potential in local waste streams to reach the
aforementioned goal. However, the average useful energy finally produced by the AD production path-
way is significantly lower, often due to poor quality biomass and difficult harvesting conditions.
Furthermore, of the potential bio-energy input in the three utilization pathways considered in this article,
on average: 73% can be extracted as green gas; 57% as heat and power; and 44% as green gas in the waste
management pathway. This demonstrates that the Dutch renewable production goal cannot be reached.
The green gas utilization pathway is preferable for reaching production goals as it retains the highest
amount of energy from the feedstock. However, environmental sustainability favors the waste manage-
ment pathway as it has a higher overall efficiency, and lower emissions and environmental impacts. The
main lessons drawn from the aforementioned are twofold: there is a substantial gap between bio-energy
potential and net energy gain; there is also a gap between top–down regulation and actual emission
reduction and sustainability. Therefore, a full life cycle-based understanding of the absolute energy
and environmental impact of biogas production and utilization pathways is required to help governments
to develop optimal policies serving a broad set of sustainable objectives. Well-founded ideas and deci-
sions are needed on how best to utilize the limited biomass availability most effectively and sustainably
in the near and far future, as biogas can play a supportive role for integrating other renewable sources
into local decentralized energy systems as a flexible and storable energy source.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The European Union has set high goals for renewable energy
integration in the near future [1,2]. Within this context, Anaerobic
Digestion (AD) can play an important role as it is capable of pro-
cessing a multitude of biomass feedstocks, whilst producing both

http://crossmark.crossref.org/dialog/?doi=10.1016/j.apenergy.2016.05.055&domain=pdf
http://dx.doi.org/10.1016/j.apenergy.2016.05.055
mailto:f.pierie@pl.hanze.nl
http://dx.doi.org/10.1016/j.apenergy.2016.05.055
http://www.sciencedirect.com/science/journal/03062619
http://www.elsevier.com/locate/apenergy


Nomenclature

AD Anaerobic Digestion
CHP combined heat and power
oDM organic dry matter
FM fresh matter
PJ peta joule (1015 J)
GJ giga joule (109 J)
MJ mega joule (106 J)
Mg mega gram (equivalent to metric tonne)

GHG Green House Gasses
(P)EROI Process Energy Returned on Invested
GWP100 Global Warming Potential 100 year scale
Pt environmental impact in EcoPoint
LCA Life Cycle Analysis
aLCA Attributed Life Cycle Analysis
kgCO2eq kilograms of carbon dioxide equivalent
Nm3 normal cubic meter (volume at 1 bar 0C)
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energy in the form of biogas, and fertilizers in the form of digestate.
Biogas can be seen as a renewable and flexible energy carrier
which is storable and can be transformed into electricity, heat, or
upgraded to green gas (biogas upgraded to natural gas quality)
[3]. Digestate can be processed to produce quality fertilizers for
use in agriculture [4]. AD has been successfully implemented in
the treatment of several biomass feedstocks and is already estab-
lished as a reliable technology in Europe [5]. In the year 2014
around 4% of the total energy supply within Europe was produced
through biomass, and this is expected to grow significantly in the
future [6]. However, the need for feedstocks will most likely also
increase as a result, and the majority of the additional supply is
expected will come from agricultural land [6]. Therefore, questions
can be raised regarding the achievability, efficiency, and sustain-
ability of the biogas production pathway when utilizing specially
cultivated energy feedstocks and transporting them over longer
distances. The choice of feedstocks, technologies, and the opera-
tional values of AD pathways (e.g. feedstock, transport, process)
have a significant influence on the environmental impact [7–13],
and the increased biomass use can claim valuable arable land for
cultivation [6] and/or effect biodiversity [14].

Within the aforementioned context, focus could be placed on
alternative feedstocks which: do not have other applications
except as energy sources; do not have an extensive environmental
impact; and, are locally available (e.g. manures, organic wastes,
natural grasses, harvest remains) [13,15–19]. Studies have indi-
cated that there is a sufficient amount of local waste feedstocks
within the Netherlands to achieve the Dutch decentralized renew-
able goals of 40 PJ by 2020 [20]. One recent study concluded that
locally available biomass waste streams can provide up to 66 PJ
annually of energy within the Netherlands [21]. Other studies indi-
cate: natural resources (e.g. roadside grass, natural grass reed) can
provide around 12 PJ [22] to 13.5 PJ annually [23]; waste streams
from agro-industry potentially hold another 14PJ annually [24];
overall, a range between 53 up to 94 PJ per year will be available
by 2020 [25]. However, the aforementioned studies often ignore
the energy required in the process of extracting energy from the
biomass and the environmental impacts of the process. In order
to make more reliable environmental assessments of biogas sys-
tems from feedstocks, specific local and regional conditions have
to be included [7], which fit a unique geographic location with dis-
persed availability and quality of biomass. LCA studies on local
implementation of AD focusing on single waste flows (e.g. food,
vinasse, agro-food waste, municipal solid waste) have indicated
environmental benefits over fossil resources [15–18,26,27]. How-
ever, the LCA studies do not focus on utilizing the multitude of
locally available waste products for reaching decentralized renew-
able production goals. Additionally, the question could be raised,
from an environmental perspective, whether to focus on quantity
or quality of production: quantity, focusing on producing the
largest amount of useful energy; or quality, achieving the highest
efficiency or creating the biggest reduction of greenhouse gas
emissions and environmental impacts. Currently, regulations in
the Netherlands are mostly focused on quantity (e.g. the produc-
tion of green gas, heat and electricity) [20].

Thus, research is still needed to assess the overall renewability,
sustainability, and possible energy yields of biogas production
pathways operating on locally available waste feedstocks. Under-
standing the local availability of biomass, the subsequent, related
biogas production pathways, and the best sustainable practices
can support decentralized renewable integration as AD can play
an important role as a waste treatment system which also pro-
duces a flexible energy carrier. One indication can be whether
the goal of the Dutch government is achievable and whether the
focus should be placed merely on quantity or also on quality of
energy production from an environmental sustainability perspec-
tive. This article aims to contribute to a proper assessment of the
overall renewability, sustainability, and possible energy yields of
biogas production pathways operating on locally available biomass
waste flows. The goal will be affected by assessing and evaluat-
ing the local availability of organic waste materials within five
municipalities in the northern part of the Netherlands. For these
five locations, the following procedure is followed: first, the avail-
able biomass waste flows and bio-energy potentials are deter-
mined; second, the net energy yields from three biogas
production and utilization pathways are calculated; third, the net
average yield of the five municipalities are compared to the
required yield to reach the Dutch goal of 40 PJ; and finally, the
emissions and environmental impact are determined. Additionally,
the effect of an increased percentage of manure in the feedstock for
the digester is analyzed in terms of efficiency and environmental
impacts. The lessons learned from the case study will be discussed
in the conclusion.
2. Methods

The assessment of the complete biogas production pathway will
be performed through the use of a method for calculating the sus-
tainability of AD production pathways and the sustainability of
feedstocks and process optimization (described in [13,28]) and Life
Cycle Analysis (LCA). The LCA analysis is undertaken in accordance
with European guidance and DIN EN ISO 14040 to 14044: 2006
[29]. The environmental impacts were obtained through the use
of the SimaPro v8.0 (2013) utilizing the Eco Invent database v3.0
(2013) as endpoints.
2.1. System boundary

Dutch regulation states that at least 50% of the feedstock fed
into the biogas production pathway must be composed of manure
sources (e.g. cow, pig, chicken manure), while the remainder can
be filled up by other biomass sources (e.g. harvest remains, road-
side grass, or maize). Environmental impacts are taken into



Fig. 1. System boundaries of biogas production and utilization pathways, included aLCA.
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account when they are in direct service of the biogas production
pathway (e.g. production, processing, and transport), which
include the direct impact of consumption, the indirect impacts of
production and transportation, and the required embodied energy
in the shape of installations and infrastructure (Fig. 1) [13]. The
digestate produced will be returned to the biomass sources as fer-
tilizer and transport of the digestate is included. The processing of
excess digestate is not included. Within this research, impact mit-
igation resulting from the replacement of current waste treatment
chains is taken into account (e.g. seasonal storage of manure)
including the upgrading process of digestate into a fossil fertilizer
replacement [13].

2.2. Municipalities

Five municipalities located in the North of the Netherlands are
selected where the biomass potential is assessed (Fig. 2). These
municipalities vary from urban areas with a high population den-
sity to rural, agricultural and dairy farming areas, representing the
diversity of land usage in the Netherlands (Fig. 2). The research is
focused on the northern part of the Netherlands as it lays within
the scope of the Flexigas project [30] and the project partners
responsible for managing and processing biomass flows. However,
the calculation method discussed in this article can be used for all
areas when sufficient data is available. The data regarding biomass
availability in the Netherlands, used in this article, is available per
municipality by the Bureau of Statistics of the Netherlands [31].

2.3. Method for determining the local biomass potential

Due to geographical differences in biomass potential within the
selected areas a calculation method is used for determining the
average biomass potential. The total biomass potential present
within a local municipality is divided by the total land surface of
the municipality to obtain an average potential per square kilome-
ter. This method thus averages the distribution of biomass over the
surface of one municipality. With the biomass yield per square
kilometer known, the land surface required to feed a representa-
tive farm scale digester of 20,000 Mg/a, can be determined
(Fig. 3). With the surface area known, the average transport dis-
tance for the manure and the feedstocks can be determined (dis-
cussed in Section 4).
2.4. Expressions of the results

The bio-energy potential per municipality will be expressed in
GJ/km2. The process efficiency, carbon footprint and sustainability
of the biogas production pathway, will be expressed by three indi-
cators per GJ of energy produced: (Process) Energy Returned on
Energy Invested or (P)EROI, the carbon footprint in GWP 100 year
timeframe, and the environmental impact in ReCiPe 2008 Eco indi-
cator. The specific choice for the above-named indicators and a
clear description thereof are discussed in Pierie et al. [28]. The
results will be compared with reference scenarios (e.g. intensively
cultivated maize, Groningen natural gas, and electricity from the
Dutch national grid).
3. Biomass inventory

An inventory of biomass waste streams availability has been
performed for five local municipalities (Fig. 2). The bio-energy
potentials of the feedstocks are retrieved from Pierie et al. from
Table 2 [13]. These represent readily available and easily usable
feedstocks for farm scale digester installations. However, small
scale waste flows, other agricultural waste flows, and waste flows
from the food industry are not included in this inventory. For the
biomass availability in the municipalities (Table 1) a lower and
upper limit are taken into account in two scenarios:

(1) Minimum availability scenario: will focus on the biomass
waste flows which are already in use or very easily used as
feedstock in the AD process, for instance when infrastructure
or management processes are already in place and only need
minor modification.

(2) Maximum availability scenario: all the available biomass
waste flows are utilized as feedstock, including biomass
waste flows which need additional energy for collection.



Fig. 4. Calculation method used to determine the average transport distance.

Municipality of
Ten Boer

Municipality of
Eemsmond

Municipality of
Groningen

Municipality of
Hoogeveen

Municipality of
Noordenveld

Rural dairy Rural mixed Urban Semi-urban / rural Rural agricultural
Population: 7479 Population: 15928 Population: 198317 Population: 54664 Population: 31087
Households: 2945 Households: 7056 Households: 118679 Households: 23419 Households: 13560
Surface: 45.28 km2 Surface: 189.08 km2 Surface: 78.25 km2 Surface: 127.53 km2 Surface: 200.82 km2

Fig. 2. The municipalities chosen for assessment of local bio-energy potential.

Fig. 3. Calculation method used to determine biomass and biogas potential for the
municipality of Noordenveld.
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4. Biogas utilization pathways

All feedstocks and scenarios use the same AD plant setup,
located on or near a farm with a total biomass input of
20,000 Mg of fresh matter (FM) per year [13]. The produced biogas
is utilized in three different pathways: green gas, combined heat
and power (CHP), and waste treatment. The manure/feedstock
ratio in the digester will be kept at 50% manure and 50% biomass
feedstock. The feedstock ratios are determined by the surface area
needed to supply the digester, set as a circle around the location
(Fig. 3). The average transport distance will be based on half the
surface area of the biomass circle and a tortuosity factor, which
represents inefficiencies in transport e.g. winding roads, multiple
pickup locations, etc. (Fig. 4), [34]. For the manure and feedstock
sources a tortuosity factor of 1.5 is used [35]. For municipal organic
waste, which is collected on individual house level through a bin
Table 1
Biomass waste flows selected as feedstocks for biogas production pathway.

(1) Manure: Dairy manure is readily available in the northern part of the Nether
potential due to its higher oDM. The manure availability will be similar for b

(2) Grass feedstock: Natural grasses can be found spread throughout local municip
atively easy to harvest and therefore make up the current availability. The rem
harvest and collect and will be added to the maximum scenario.

(3) Harvest remains: During harvests of sugar beets and potatoes, organic materia
used as feedstock for the digester. In the minimum scenario around 50% of the
the available remains from sugar beets and potatoes, consisting of the plant

(4) Straw from grains: Straw is a product often used as bedding material for live
replace part of the market for straw, some degree of overproduction and rema
imum scenario around 10% of the total produced straw is available for use as

(5) Municipal organic waste: Municipal waste is collected, on average, every two w
the organic municipal waste (83%) finds its way into the normal waste flow. O
kitchen and garden waste [32]. The minimum availability scenario will be mad
ability will contain all the organic waste including the fraction normally found
used for collecting the organic waste and to prevent contamination of the bio
biogas and methane yield of respectively 260 and 156 Nm3/Mg oDM [33].
system, a tortuosity factor of 20 is used. For the minimum avail-
ability of grass a tortuosity factor of 5 is used, and for the maxi-
mum availability a factor of 10 is used, due to the additional
transport needed for collecting small patches of natural or roadside
grass [34]. The effect of the assumed tortuosity factors will be dis-
cussed in the sensitivity analysis section (Section 6).

The solid feedstocks are mechanically pre-treated with a ham-
mer mill in order to improve the digestion and the biogas potential
of the feedstock [36]. Grass and municipal organic waste are sieved
for foreign debris (e.g. plastics, rocks). Additionally, municipal
organic waste will be pasteurized to remove unwanted biological
contaminants (Table 2).

4.1. The green gas production pathway

Within the green gas utilization pathway, the main product is
green gas of natural gas quality for injection into the national gas
grid. Part of the produced biogas will be used in a small boiler to
produce the needed heat for the digestion process. The remaining
biogas will be upgraded to green gas through the use of a highly
selective membrane upgrader system (see Table 1 in [13]). A gas
pipe transporting the green gas over a distance of one kilometer
lands. Chicken manure, however, is less available and also has a higher biogas
oth the current and maximum availability scenario.
alities. Natural grasslands and road embankments are already in use and are rel-
ainder of grass, for instance in small parks and green spaces, is more difficult to

l is left on the fields containing parts of the plant and root system which can be
remains, consisting of the plant are used, and in the maximum scenario 100% of

and root system, are used.
stock in stables. As other systems (e.g. separated manure, rubber mats) slowly
ining stocks can result. Unused straw can be utilized as a feedstock. In the min-
feedstock. In the maximum scenario all produced straw is available as feedstock.
eeks in the Netherlands through the use of a waste bin system. However, most of
nly a small percentage of organic waste is collected directly (17%), comprising of
e up from the currently collected organic municipal waste. The maximum avail-
in the normal waste stream. Within this context a separate collection system is
mass. The organic dry matter content (oDM) of waste on average is 18% with a



Table 3
Main values for digestate handling, separation of digestate in thin and thick fractions,
and thin fraction upgrading.

Main components waste management pathway Value Unit Source

Energy requirement separatora 4.68 MJ/Mg FM [40]
Energy requirement evaporatorb 231 MJ/Mg FM [41]
Water removed from fraction in evaporator 90% % [41]

a Based on an electric separator.
b Based on vacuum evaporator system operating on a heat pump.

Table 2
Main values used for pretreatment of feedstocks.

Feedstocks Grass Waste Sugar beet tops Potato tops Straw Unit Sources

Energy use screening unita 5.4 5.4 – – – MJ/Mg FM [37]
Energy use hammer milla 20 20 20 20 20 MJ/Mg FM [36,37]
Energy use pasteurizationb – 162 – – – MJ/Mg FM [38]

a Electricity consumption only.
b Electricity use 5 MJ/Mg FM and heat use 157 MJ/Mg FM.
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to the injection point and the electricity (Average grey electricity
mix of the Netherlands, Table 6) needed for the process is
incorporated.

4.2. Combined heat and power

In the combined heat and power (CHP) utilization pathway the
main products are electricity and heat (see Table 3 in [13]). The
produced electricity and heat is firstly used to supply the energy
demand of the AD process itself, and the remainder is put on the
national electricity grid and on a local heat grid. Within this path-
way all the produced heat is considered as useful energy. For both
electricity and heat an additional cable and pipeline of one kilome-
ter is incorporated for transportation to the injection locations.

4.3. Waste management optimization

The waste management utilization pathway will produce both
green gas and CHP. The CHP unit will power and heat the AD pro-
cess and the digestate upgrading process, which produces fossil-
equivalent quality fertilizers. Any remaining heat demand will be
supplied by the biogas boiler. The remaining biogas will be
upgraded to green gas, which is firstly used as transport fuel for
the trucks delivering the feedstocks, thereby replacing diesel use,
and the remainder will be injected into the national gas grid. Addi-
tionally, a large share of the digestate (90%) is separated into a thin
and thick fraction (Table 3). The processed thin and thick fractions
(the former, after upgrading) will be used to replace fossil fertiliz-
ers (Table 4) [6,39]. The remaining 10% of the digestate will be used
on-site, replacing manure fertilization on the pasture but not
replacing fossil fertilizers.

4.4. Reference scenarios

The results from the analysis will be compared to two reference
scenarios in order to indicate efficiency and sustainability.

1. Fossil reference scenarios: The reference scenarios are based on
Groningen natural gas and the grey electricity average mix of
the Netherlands (Table 5), which includes production, required
infrastructure (natural gas and electricity network), and com-
bustion of the gas when used.

2. Maize reference scenario: The maize silage used as a feedstock is
specially cultivated for use in the biogas production pathway
(Table 6). Therefore, agricultural field work and the use of fossil
fertilizers and pesticides during cultivation are incorporated.
Maize will be incorporated in the model as a reference using
the same biogas production and utilization pathways as
described in Section 4. The maize will be transported over an
average distance of 50 km [3].

5. Results

In the following section the results are discussed, starting with
the overall bio-energy yields and the efficiencies of the utilization
pathways, followed by the (P)EROI and environmental impact of
the pathways, and finally, the effect of increasing the percentage
of manure in the feedstock is discussed. The figures used to express
the results are based on the descriptions in Table 7 (scenarios are
described in Section 3).

5.1. Theoretical energy yields

The theoretical bio-energy yield of the municipalities per
square kilometer is strongly dependent on the nature of the space
available for biomass growth, the types of biomass available, and
population density. The average theoretical bio-energy yield of
the selected municipalities is around 1614 GJ/km2, which is com-
parable to the national average indicated in literature (1400–
2500 GJ/km2) as discussed in the introduction (Table 8). However,
only around 64% (1038 GJ/km2) of the biomass available is utilized
as a feedstock (Table 8). The gap can partially be traced back to the
high amount of manure available, of which only small amounts are
used as feedstock, often due to low biogas yields and difficulty in
collection and transport. Therefore, a municipality with a high
number of dairy farms can have a high theoretical bio-energy yield
with only low utilization realized (e.g. municipality of Ten Boer).
Agricultural activity can also lead to higher utilization of bio-
energy yield (e.g. municipality of Eemsmond) (Table 8). Further-
more, the local theoretical bio-energy yield from waste flows is
fairly constant and without the use of agricultural land or intensive
farming will most likely not increase significantly in the coming
years; therefore, the bio-energy yield can be seen as a set amount.

5.2. Energy efficiency process

The efficiency of the AD process and utilization pathways deter-
mines the amount of energy which can be extracted from the feed-
stock. The average energy extracted varies: 73% as green gas, 57%
as heat and power, and 44% as green gas in the waste management
pathway (Fig. 5). This lowers the average energy yield of the
municipalities to 757 GJ/km2 as green gas. There will be differences
in yields between municipalities, depending on available feed-
stock, transport distance, etc. (Table 8). Within the utilization path-
ways the green gas pathway is capable of retaining the largest
share of energy from the feedstock, due to minimal losses (e.g.
leakage, heat), (Fig. 5a). However, the energy needed for the pro-
duction of green gas is substantial: over a quarter of the produced
biogas is needed for the production of heat, and over a third of
external energy is required for the process itself (e.g. transport,



Fig. 5b. Average efficiency of the CHP utilization pathway.

Table 4
Main values for production of fossil fertilizers replaced by upgraded digestate.

Fertilizers replaced Nitrogen as N Phosphate as P2O5 Potassium as K2O Units Source

Required energy for fertilizer production 75.90 27.9 12.9 MJ/kg [42,43]
Emission during fertilizer production 12.60 2.22 2.30 kgCO2 eq/kg [42,43]
Environmental impact during fertilizer production 1.77 0.76 0.24 Pt/kg [42,43]

Fig. 5a. Average efficiency of the green gas utilization pathway.

Table 5
Values used as reference for Groningen natural gas and grey electricity.

Carbon footprint
(kgCO2eq/GJ)

Environmental
impact (Pt/GJ)

Source

Natural gasa 54.6 6.2 [42,43]
Grey electricityb 177 28.2 [42,43]

a Natural gas produced from the Groningen gas field and surrounding gas fields in
the Netherlands, including infrastructure.

b Grey electricity, based on the average mix of electricity produced in the
Netherlands in 2014, including infrastructure.

Table 6
Main properties of energy maize feedstock.

Feedstock Biomass
yield
(Mg/ha)

Organic
Dry
Matter
(% of FM)

Biogas
potential
(Nm3/
Mg oDM)

Methane
potential
(Nm3/
Mg oDM)

Sources

Energy
maize

45 30 606 322 [44–46]

Table 7
Scenario indications in Table 8 and Figs. 6–8.

Municipality Minimum Maximum

Ten Boer Ten Boer_min Ten Boer_max
Eemsmond Eemsmond_min Eemsmond_max
Groningen Groningen_min Groningen_max
Hoogeveen Hoogeveen_min Hoogeveen_max
Noordenveld Noordenveld_min Noordenveld_max
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electricity and the embodied energy) (Fig. 5a). The CHP pathway
retains relatively less energy from the feedstock. This process
includes higher losses, primarily in the form of non-recoverable
heat. Also, a larger portion of the produced heat and electricity is
used internally (than in the green gas pathway), which will result
Table 8
Bio-energy yields, energy in feedstocks, and net energy yields of the utilization pathways

Municipality Averagea

(GJ/km2 a)
Ten Boer
(GJ/km2 a)

Eemsmond
(GJ/km2 a)

Average Min Max Min M

Bio-energy yield 1614 2472 3412 897 2
Energy in feedstockb 1038 719 1673 659 2
Green gas 757 576 1305 475 1
CHP 591 460 1039 361 1
Of which electricity 350 247 573 218
Waste management 453 390 900 233 1

Energy demandc 20,955 5273 3026
Of which electricity 2838 714 410
Of which natural gas 18,118 4559 2616

a The averages are calculated considering the total bio-energy yield of the municipalitie
minimum and maximum scenario.

b The bio-energy in the feedstock used as input in the digester installation.
c Calculated using the energy consumption for an average household in the Netherlan
in lower final energy production, but also lower external energy
requirements (Fig. 5b). Finally, the waste management pathway
has the lowest energy yield as green gas. The losses are comparable
to the heat and power scenario as the pathway also contains a CHP
unit. The internal energy consumption is larger, due to the upgrad-
ing of digestate to fertilizer and the replacement of transport fuel
with green gas; this, however, also results in the lowest final
energy production and external energy demand (Fig. 5c). Within
the aforementioned context, from a target oriented approach (e.g.
40 PJ in the year 2020 [20]) the green gas utilization pathway
would be most capable in achieving the highest energy production.
per municipality.

Groningen
(GJ/km2 a)

Hoogeveen
(GJ/km2 a)

Noordenveld
(GJ/km2 a)

ax Min Max Min Max Min Max

732 436 757 1172 1900 1259 1887
563 252 562 277 1018 631 1285
949 161 214 192 672 488 944
525 122 187 147 510 384 734
863 85 187 93 342 214 434
194 90 44 110 382 306 587

122,971 14,889 5475
16,653 2016 741

106,318 12,873 4733

s divided by the total land surface of the municipalities and the average between the

ds: electricity 3050 kW h/a, gas 1200 Nm3/a [31], excluding shops and industry.



Fig. 7. The emissions per municipality.

Fig. 5c. Average efficiency of the waste management pathway. (Replaced energy in
fertilizers (0.9%) and green gas used as fuel for transport (0.2%) is included in
internal use.)
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5.3. Process energy returned on energy invested

The efficiency of the process, feedstock availability, and quality,
combined with the external energy inputs, strongly influence the
process energy return on energy investment or (P)EROI. Feedstocks
with low biogas potentials or which need energy-intensive pro-
cessing will negatively affect the (P)EROI. For instance, the munic-
ipality of Groningen has a very low (P)EROI due to the high ratio of
organic municipal waste, which requires high energy inputs (e.g.
transport, screening, pasteurization). When waste use is maxi-
mized in Groningen, more energy is needed in the production pro-
cess than can be obtained (Fig. 6). However, this is not taking into
account the energy already required by the waste industry cur-
rently in place. For the municipality of Ten Boer the (P)EROI is
higher due to a larger share of natural and roadside grass in the
feedstock. Therefore, from an efficiency standpoint, one could be
selective in the feedstocks used in the production pathway. Fur-
thermore, there are also differences per utilization pathway. The
green gas pathway is able to retain the most energy from the avail-
able biomass, however, higher use of external process energy has a
negative effect on the (P)EROI compared to the CHP and waste
treatment scenarios (Fig. 6). Heat and power production has a high
overall efficiency in most scenarios due to the low external energy
requirements. However, when the produced heat from the CHP
unit cannot be completely utilized, due to lack of demand in some
municipalities, the overall efficiency will go down. Overall, the (P)
EROI of the waste treatment pathway is highest due to the low use
of external energy in the process and the displacement of fossil fer-
tilizers (Fig. 6). Production and utilization pathways with internal
energy production and consumption positively influence the (P)
EROI, however, they produce lower net energy from the feedstocks.
Fig. 6. The (P)EROI of the AD utilization pathways per municipality.
5.4. Environmental assessment

The environmental impacts of the biogas production and
utilization pathways are strongly linked to external energy con-
sumption often based on fossil energy, leakages of biogas or green
gas, the combustion of biogas, the mitigation of greenhouse gas
emissions when feedstocks are left on the field or stored in manure
tanks, and the replacement of fossil fertilizers which are often pro-
duced from, or with the aid of, fossil fuels. Furthermore, the quality
of the feedstock and the corresponding processing also influences
the environmental sustainability. In municipalities where larger
amounts of municipal organic waste are processed the impacts
are higher due to a larger energy requirement. For example, the
effect of using large shares of municipal organic waste can be
clearly observed in the municipality of Groningen; where, in the
maximum scenario, around 18% of the total feedstock is composed
of municipal organic waste, which lies on average around 2% per
municipality. The large external energy requirements needed for
processing the waste has a significant effect on the emissions
(Fig. 7) and the environmental sustainability (Fig. 8) of the process.
Environmental impacts and emissions also differ between utiliza-
tion pathways. On average, the green gas production pathway
has the highest impacts, which can be traced back to its higher
external energy requirements. In the waste treatment pathway
where all emissions saving actions are combined (e.g. internal
energy production, green gas fueled transport, mitigation of emis-
sions, replacement of fossil fertilizers) the overall emissions and
environmental impacts are significantly lower. In some cases, more
impact is avoided in the process than is produced, resulting in neg-
ative environmental impact (Fig. 8). However, whenmore energy is
Fig. 8. Environmental impact per municipality.
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required in the process than is produced, the impact increases well
above the reference of energy maize, natural gas and even grey
electricity (Fig. 8, municipality of Groningen). Therefore, care
should be taken in feedstock selection and/or renewable energy
should replace fossil energy inputs. Also, the maximum biomass
scenario (Section 3) on average performs less well in efficiency
and environmental impacts, indicating that some biomass
feedstocks are not worth collecting (e.g. small patches of biomass).
Overall, the environmental footprint is strongly influenced by the
feedstocks used, the design of the production, and the utilization
pathway.
Fig. 9a. (P)EROI variable manure input in the municipality of Ten Boer.

Fig. 9b. Emissions variable manure input in the municipality of Ten Boer.
5.5. Increase of manure as feedstock

As previously indicated in this article, on average only 64% of
the bio-energy potential is used as feedstock for the AD process
(Section 5.1), which can be partly traced back to unused manure
waste flows. Feedstocks containing over 50% of manure are often
not used, due to the low biogas yields and high process costs of
manures. In the municipality of Ten Boer (and to a lesser extent
in Hoogeveen and Noordenveld) the availability of cow manure
far outweighs the availability of waste feedstocks, and provides
an additional source of biomass. However, the lower energy poten-
tial of manure can have an effect on the environmental sustainabil-
ity of the production pathway. Therefore, for the municipality of
Ten Boer the manure input in the digester was increased from
50%, by increments of 5%, up to 100% (although the values above
80% are no longer representative and are not presented here) to
see the effects of higher percentages of manure in the feedstock
(Fig. 9).

Results indicate that, for both the green gas and CHP pathway,
increasing the manure fraction of the feedstock generally has a
negative effect (Figs. 9a and 9b), with only the environmental
impact of the CHP pathway being slightly lowered (Fig. 9c). Due
to the higher percentage of manure, the energy in the feedstock
steadily lowers, but the energy input in processing (e.g. transport,
heating, stirring) stays the same, resulting in overall negative
effects (Fig. 9a). For the waste treatment pathway the efficiency
drops sharply as a higher percentage of the produced energy is
required by the process itself (Fig. 9a). However, avoided emissions
from manure and the replacement of fossil fertilizers can signifi-
cantly reduce emissions and environmental impact (Fig. 9c). If,
for instance, the required external energy input is supplied by
renewable resources, then the environmental sustainability would
further increase. At this point the waste production pathway
ceases to be a net energy producer. However, from an environmen-
tal perspective waste management is preferable (Figs. 9b and 9c).
Fig. 9c. Environmental impact variable manure input in the municipality of Ten
Boer.
6. Sensitivity analysis

Using organic material in a biological process inherently creates
variations. Where possible, values used in the model are similar to
each other (e.g. in the biogas production pathway). When compar-
ing scenarios, similar settings will cancel out sensitivities in the
used values. However, the variables used to define the biomass
feedstocks and the biogas utilization pathways will differ. Within
the variables selected for the sensitivity analysis, the methane
potential proved to be the most sensitive. The amount of methane
produced finally determines the energy output from the AD pro-
cess. oDM content proves to be a very important variable in trans-
port, storage and processing. The lower the oDM content, the more
water (and other materials not contributing to methane produc-
tion) are transported, heated, and stirred. The complete sensitivity
analysis is described in Pierie et al. [13]. Also, within this article
tortuosity factors are used to simulate winding roads used for grass
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and municipal solid waste collection (see Section 4). The sensitivity
regarding the tortuosity factors on grass and municipal organic
waste, compared to average transport distances, only accounts
for an average difference on the expressions of 5% for green gas,
8% for CHP, and 4.5% for the waste treatment pathway, with a max-
imum difference of 10%, 14%, and 7% respectively in the municipal-
ity of Groningen. The impact of transport is thus substantial,
depending on the scenario and location; however, it is not a dom-
inant factor. The municipality of Groningen is most affected due to
the high percentage of municipal organic waste within the feed-
stock. Within the aforementioned context, the energy requirement
of pasteurizing the organic waste is also significant. The results of
this study are considered to be representative of bio-energy pro-
duction, on average.

7. Discussion

Energy production through AD is a promising method for pro-
ducing a renewable and flexible energy carrier. However, the pro-
duction and utilization pathways are complex systems, containing
multiple factors and variables which must be taken into account.
The accuracy of the results presented in this article depends
strongly on the quantity and quality of the data it contains, which
comes from both literature and case studies. However, these
sources still contain a wide range of data. Therefore, the model
used for calculating the results was extensively validated before
being implemented. In order to give an overview and gain more
transparency, three specific impact factors are chosen to express
the efficiency and environmental impact; however, the indicators
cannot provide detailed information regarding specific environ-
mental impacts (e.g. acidification). The expression (P)EROI behaves
nonlinearly due to its dividing element in the equation which will
cause it to behave exponentially. The biomass potential used in
this article is based on data from the Dutch bureau of statistics,
which represents an average potential. Specific biomass potentials
are often difficult to quantify and differ by season and specific loca-
tion. Furthermore, the biomass potential is spread out evenly over
the municipality for determining average transport distances. The
effects of multiple feedstocks in combination with digestion are
not well documented and can have an effect on the biogas poten-
tial of the individual feedstocks. Cutting natural areas and embank-
ments can have an effect on the natural wildlife, which is not
considered within this article. In addition, the biomass described
in this article could have other uses (e.g. stable flooring, animal
feed) which must be considered. The locations chosen for this
research lay within the scope of the Flexigas project [30] and the
project partners responsible for managing and processing the bio-
mass flows, which does not necessarily make them realistic aver-
ages for the whole of the Netherlands. The quantity and quality
of the various types of biomass differ per chosen location; how-
ever, the calculation method discussed in this article can be used
for most areas with sufficiently available data. Municipal organic
waste is used as a feedstock within this article; currently the qual-
ity is substandard and the digestate therefore cannot be used as
fertilizer; however, when separated and collected correctly, quality
will be sufficient. Transport distances are difficult to quantify and
Table A1
Biomass yields per type.

Feedstocks Grass Organic waste Beet top

Yield per hectare 22 – 40
Production per person per year – 79 –

a Fresh matter.
normalize; therefore, within this article tortuosity factors are used,
although transport distances can differ significantly per specific
location. Also, in this article all the energy from the CHP unit is
utilized; however, heat produced in a CHP unit cannot always be
fully utilized as demand must be present and may fluctuate.
8. Conclusion

Anaerobic digestion of bio-waste flows can play an important
role in achieving renewable goals set within the European Union.
Literature indicated that there is sufficient bio-energy potential
in local waste streams to reach the Dutch goal for local renewable
energy production of around 40 PJ in the year 2020. Within the
case study, however, the average useful energy retained is signifi-
cantly lower. Only around 64% of available biomass is utilized as a
feedstock, often due to low quality and difficult harvesting condi-
tions. Utilization of biomass can be increased by using higher
amounts of manure in the feedstock. However, increasing the share
of manure has a negative impact on the (P)EROI of all utilization
pathways. Furthermore, of the potential bio-energy input in the
three utilization pathways considered in this article, on average:
73% can be extracted as green gas; 57% as heat and power; and
44% as green gas in the waste management pathway. When utiliz-
ing AD biogas production pathways a significant gap arises
between bio-energy potential and net energy gain, demonstrating
that the Dutch goal cannot be reached using AD and local biomass
waste flows alone. The green gas utilization pathway is preferable
for reaching production goals as it retains the highest amount of
energy from the feedstock. However, environmental sustainability
factors favor the waste management pathway. High use of internal
energy, green gas for transport, mitigation of emissions, and the
replacement of fossil fertilizers with upgraded digestate signifi-
cantly reduce Green House Gas (GHG) emissions and environmen-
tal impact. The main lessons drawn from the aforementioned are
twofold: there is a substantial gap between bio-energy potential
and net energy gain; and there is also a gap between top down reg-
ulation and actual emission reduction and sustainability. There-
fore, a full life cycle-based understanding of the absolute energy
and environmental impact of biogas production and utilization
pathways is required to help governments to develop optimal poli-
cies which effectively support the European Union in achieving
renewable energy and GHG emission reduction goals within the
context of climate policy, as described in the EU energy directive
and the EU roadmap 2050 [1,2]. Decisions will need to be made
on how to utilize the limited biomass availability most effectively
and sustainably, in the near and far future, as biogas can play a
supportive role for integrating other renewable sources into local
decentralized energy systems as a flexible and storable energy
source.
Appendix A

See Tables A1–A7.
s Potato tops Straw Unit Sources

20 4.1 Mg FMa/ha [36,47–50,3,51]
– – kg/person [31]



Table A2
Biomass potential per square kilometer.

Municipality Ten Boer (Mg/km2) Eemsmond
(Mg/km2)

Groningen
(Mg/km2)

Hoogeveen (Mg/km2) Noordenveld
(Mg/km2)

Min Max Min Max Min Max Min Max Min Max

Mixed manure dairy/pig 3975.3 4019.4 677.0 756.3 447.3 536.7 2054.4 2132.8 1474.0 1523.8
Solid manure poultry 22.1 22.1 31.7 31.7 0.0 0.0 7.8 7.8 24.9 24.9
Municipal waste 3.7 21.6 2.9 16.8 15.5 91.2 8.5 49.7 4.2 24.5
Natural grasses 228.3 487.8 31.8 338.8 76.9 137.3 58.7 257.5 158.0 318.2
Tops sugar beets 8.8 17.5 136.2 272.4 3.0 6.0 22.2 44.3 27.8 55.5
Tops potato 0.0 0.1 162.2 324.4 2.5 5.1 31.5 63.0 60.5 120.9
Straw 3.6 36.3 11.4 113.9 0.3 3.3 0.7 6.5 0.6 6.5

Total feedstock 244.4 563.3 344.5 1066.3 98.2 242.9 121.5 421.2 251.0 525.6

Table A4
Input in digester per scenario.

Municipality Ten Boer (Mg/a) Eemsmond (Mg/a) Groningen (Mg/a) Hoogeveen (Mg/a) Noordenveld (Mg/a)

Min Max Min Max Min Max Min Max Min Max

Cow/pig manure stable 1812.0 1812.0 1812.0 1812.0 1812.0 1812.0 1812.0 1812.0 1812.0 1812.0
Cow/pig manure source 7284.5 7795.9 7266.8 7890.4 8188.0 8188.0 7542.4 8001.8 7196.2 7714.3
Poultry manure 903.5 392.1 921.2 297.6 0.0 0.0 645.6 186.2 991.8 473.7
Municipal waste 150.5 384.1 83.1 158.0 1579.1 3756.5 695.9 1180.6 165.6 465.3
Grass meadow 9341.1 8659.3 923.5 3177.4 7825.7 5652.0 4831.1 6115.1 6294.7 6054.6
Sugar beet tops 358.2 310.8 3953.6 2554.3 303.7 245.6 1825.5 1053.0 1105.4 1055.9
Potato tops 1.8 1.6 4709.0 3042.3 257.6 208.4 2593.6 1496.0 2408.4 2300.5
Straw wheat 148.4 644.1 330.6 1068.1 34.0 137.5 53.9 155.3 25.9 123.6

Total feedstock 20,000 20,000 20,000 20,000 20,000 20,000 20,000 20,000 20,000 20,000

Table A3
Biogas potential of the selected feedstocks.

Feedstock Organic dry matter
(% of FM)

Biogas potential
(Nm3/Mg oDM)

Methane potential
(Nm3/Mg oDM)

Sources

Cow manure 6.4 350 180 [52]
Poultry manure 41.6 212 127 [52]
Municipal organic waste 18.3 260 156 [33]
Natural and roadside grass 23.5 560 297 [36,48]
Sugar beets tops 10.3 420 302 [50]
Potato tops 11.1 420 302 [49,53]
Straw from grain 82.0 341 174 [3,51]

Table A5
Transport distances used for feedstocks.

Municipality Ten Boer (km) Eemsmond (km) Groningen (km) Hoogeveen (km) Noordenveld (km)

Main feedstock Min Max Min Max Min Max Min Max Min Max

Manure cow/pig 0.9 0.9 2.3 2.2 2.8 2.6 1.3 1.3 1.6 1.5
Poultry manure 3.8 2.5 3.2 1.8 6.0 3.8 5.4 2.9 3.8 2.6
Municipal waste 36.1 23.8 30.4 17.3 56.9 36.2 51.2 27.5 35.6 24.6
Grass 12.8 16.8 10.8 12.2 20.1 25.6 18.1 19.4 12.6 17.4
Feedstock remainder 3.8 2.5 3.2 1.8 6.0 3.8 5.4 2.9 3.8 2.6

Table A6
Percentage of input for digestate management.

Municipality Ten Boer (%/a) Eemsmond (%/a) Groningen (%/a) Hoogeveen (%/a) Noordenveld (%/a)

Min Max Min Max Min Max Min Max Min Max

Manure cow/pig at farm 9.1 9.1 9.1 9.1 9.1 9.1 9.1 9.1 9.1 9.1
Manure cow/pig source 36.4 39.0 36.3 39.5 40.9 40.9 37.7 40.0 36.0 38.6
Manure poultry 4.5 2.0 4.6 1.5 0.0 0.0 3.2 0.9 5.0 2.4
Waste 0.8 1.9 0.4 0.8 7.9 18.8 3.5 5.9 0.8 2.3
Grass 46.7 43.3 4.6 15.9 39.1 28.3 24.2 30.6 31.5 30.3
Feedstocks 2.5 4.8 45.0 33.3 3.0 3.0 22.4 13.5 17.7 17.4

Total feedstock 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
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Table A7
Land use and biomass availability data local municipalities.

Ten Boer Eemsmond Groningen Hoogeveen Noordenveld

Totals per municipality
Total population total 7479 15,928 198,317 54,664 31,087
Total households total 2945 7056 118,679 23,419 13,560
Total land surface ha 4528 18,908 7825 12,753 20,082

Manure production
Mixed manure dairy Mg/a 179,000 124,000 34,000 212,000 262,000
Solid manure beef Mg/a 1000 1000 1000 3000 3000
Thin manure meat calf’s Mg/a 0 1000 0 20,000 19,000
Solid manure poultry Mg/a 1000 6000 0 1000 5000
Thin manure pigs Mg/a – 1000 0 23,000 7000
Thin manure breeding pigs Mg/a – 1000 0 4000 5000
Manure animals remainder Mg/a 2000 15,000 7000 10,000 10,000

Municipal organic waste
Municipal organic waste Mg/a 979.749 3185.6 7139.412 6341.024 4911.746

Municipal areas
Train surface ha – 37 68 24 –
Road surface ha 106 431 460 473 347
Airfield surface ha – – – 28 –
Burial site ha 6 17 62 25 14
Parks ha 10 28 434 108 27
Sport parks ha 22 43 183 160 110
Urban garden ha 0 – 57 16 5
Recreation area ha – – 39 13 24
Camping grounds ha – 7 10 42 205

Natural areas
Forrest area ha 47 1643 282 1326 3631
Grass from road shoulders ha 14.76 154.38 518.01
Open and dry natural terrain ha – 1071 – 97 826
Open and wet natural terrain ha 1 456 42 58 207

Agriculture
Natural grasslands ha 447.73 351 125.81 80.16 340.04
Temporal grasslands ha 466.82 776.13 45.28 1075.86 1316.94
Fallow fields ha 59.58 145.25 12.58 4.15 68.58
Grains ha 400.71 5252.34 63.75 203.51 318.3
Sugar beets ha 19.82 1287.51 11.67 141.39 278.64
Potatoes ha 0.2 3067 19.8 401.76 1214.13

F. Pierie et al. / Applied Energy 176 (2016) 233–244 243
References

[1] European Parliament. Directive 2009/28/EC of the European Parliament and of
The Council of 23 April 2009 on the promotion of the use of energy from
renewable sources and amending and subsequently repealing. Directives
2001/77/EC and 2003/30/EC 2009. Directive 2009/28/EC of the European
Parliament and of the council of 23 April 2009.

[2] European Commission. Communication from the Commission to the European
Parliament, The Council, The European Economic and Social Committee and
The Committee of the Regions. Energy Roadmap 2050. Brussels; 2011
[15.12.2011. COM(2011) 885 final].

[3] Berglund M, Börjesson P. Assessment of energy performance in the life-cycle of
biogas production. Biomass Bioenergy 2006;30:254–66.

[4] Holm-Nielsen JB, Al Seadi T, Oleskowicz-Popiel P. The future of anaerobic
digestion and biogas utilization. Bioresour Technol 2009;100:5478–84.

[5] Li Y, Park SY, Zhu J. Solid-state anaerobic digestion for methane production
from organic waste. Renew Sustain Energy Rev 2011;15:821–6.

[6] Gissén C, Prade T, Kreuger E, Nges IA, Rosenqvist H, Svensson S. Comparing
energy crops for biogas production – yields, energy input and costs in
cultivation using digestate and mineral fertilisation. Biomass Bioenergy
2014;64:199–210.

[7] Börjesson P, Berglund M. Environmental systems analysis of biogas systems—
Part II: The environmental impact of replacing various reference systems.
Biomass Bioenergy 2007;31:326–44.

[8] Poeschl M, Ward S, Owende P. Environmental impacts of biogas deployment –
Part II: Life cycle assessment of multiple production and utilization pathways. J
Clean Prod 2012;24:184–201.

[9] Jury C, Benetto E, Koster D, Schmitt B, Welfring J. Life cycle assessment of
biogas production by monofermentation of energy crops and injection into the
natural gas grid. Biomass Bioenergy 2010;34:54–66.

[10] Hamelin L, Naroznova I, Wenzel H. Environmental consequences of different
carbon alternatives for increased manure-based biogas. Appl Energy
2014;114:774–82.

[11] Hahn H, Hartmann K, Bühle L, Wachendorf M. Comparative life cycle
assessment of biogas plant configurations for a demand oriented
biogas supply for flexible power generation. Bioresour Technol 2015;179:
348–58.
[12] Mezzullo WG, McManus MC, Hammond GP. Life cycle assessment of a small-
scale anaerobic digestion plant from cattle waste. Appl Energy
2013;102:657–64.

[13] Pierie F, van Someren CEJ, Benders RMJ, Bekkering J, van Gemert WJT, Moll HC.
Environmental and energy system analysis of bio-methane production
pathways: a comparison between feedstocks and process optimizations.
Appl Energy 2015;160:456–66.

[14] Tuomisto HL, Hodge ID, Riordan P, Macdonald DW. Comparing energy
balances, greenhouse gas balances and biodiversity impacts of contrasting
farming systems with alternative land uses. Agric Syst 2012;108:42–9.

[15] Bacenetti J, Duca D, Negri M, Fusi A, Fiala M. Mitigation strategies in the agro-
food sector: the anaerobic digestion of tomato purée by-products. An Italian
case study. Sci Total Environ 2015;526:88–97.

[16] Barrera EL, Rosa E, Spanjers H, Romero O, De Meester S, Dewulf J. A
comparative assessment of anaerobic digestion power plants as alternative
to lagoons for vinasse treatment: life cycle assessment and exergy analysis. J
Clean Prod 2016;113:459–71.

[17] Jin Y, Chen T, Chen X, Yu Z. Life-cycle assessment of energy consumption and
environmental impact of an integrated food waste-based biogas plant. Appl
Energy 2015;151:227–36.

[18] Evangelisti S, Lettieri P, Borello D, Clift R. Life cycle assessment of energy from
waste via anaerobic digestion: a UK case study. Waste Manage
2014;34:226–37.

[19] Stinner W, Möller K, Leithold G. Effects of biogas digestion of clover/grass-leys,
cover crops and crop residues on nitrogen cycle and crop yield in organic
stockless farming systems. Eur J Agron 2008;29:125–34.

[20] Sociaal-Economiche Raad. Energieakkoord voor duurzame groei 2013; 2013.
[21] Arodudu O, Voinov A, van Duren I. Assessing bioenergy potential in rural areas

– a NEG-EROEI approach. Biomass Bioenergy 2013;58:350–64.
[22] Kuiper L, Lint de S. Binnenlands biomassapotentieel. Biomassa uit natuur, bos,

landschap, stedelijk groen en houtketen 2008.
[23] Spijker JH, Elbersen HW, Jong de JJ, Berg van den CA, Niemeijer CM. Biomassa

voor energie uit de Nederlandse natuur: Een inventarisatie van hoeveelheden,
potenties en knelpunten 2007; Alterra-Rapport 1616.

[24] Elbersen W, Janssens B, Koppenjan J. De beschikbaarheid van biomassa voor
energiein de agro-industrie 2010:1200.

[25] Koppenjan J, Elbersen W, Meeusen M, Bindraban P. Beschikbaarheid van
Nederlandse biomassa voor electriciteit en warmte in 2020 2009. 200809.

http://refhub.elsevier.com/S0306-2619(16)30651-1/h0015
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0015
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0020
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0020
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0025
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0025
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0030
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0030
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0030
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0030
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0035
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0035
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0035
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0040
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0040
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0040
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0045
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0045
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0045
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0050
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0050
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0050
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0055
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0055
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0055
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0055
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0060
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0060
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0060
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0065
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0065
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0065
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0065
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0070
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0070
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0070
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0075
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0075
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0075
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0080
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0080
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0080
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0080
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0085
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0085
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0085
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0090
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0090
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0090
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0095
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0095
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0095
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0105
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0105
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0110
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0110
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0120
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0120
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0125
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0125


244 F. Pierie et al. / Applied Energy 176 (2016) 233–244
[26] Bueno G, Latasa I, Lozano PJ. Comparative LCA of two approaches with
different emphasis on energy or material recovery for a municipal solid waste
management system in Gipuzkoa. Renew Sustain Energy Rev 2015;51:449–59.

[27] Xu C, Shi W, Hong J, Zhang F, Chen W. Life cycle assessment of food waste-
based biogas generation. Renew Sustain Energy Rev 2015;49:169–77.

[28] Pierie F, Bekkering J, Benders RMJ, van Gemert WJT, Moll HC. A new approach
for measuring the environmental sustainability of renewable energy
production systems: focused on the modelling of green gas production
pathways. Appl Energy 2016;162:131–8.

[29] Rehl T, Lansche J, Müller J. Life cycle assessment of energy generation from
biogas—attributional vs. consequential approach. Renew Sustain Energy Rev
2012;16:3766–75.

[30] Flexigas. Official website of the Flexigas project 2013; 2013.
[31] Bureau of Statistics Netherlands. Statistics Netherlands; 2015.
[32] Westerhoven Mv. Bepaling voedselverliezen in huishoudelijk afval in

Nederland 2013. Nr. H13.
[33] Van Den Berg SAM, Cohn PO, Cornelissen PO, editors. Businessplan Boerderij

Plus. Cornelissen Consulting Services B.V.; 2003.
[34] Overend RP. The average haul distance and transportation work factors for

biomass delivered to a central plant. Biomass 1982;2:75–9.
[35] Ishikawa M. A logistics model for post-consumer waste recycling. Significance

1996;2:679.
[36] Reumerman P. Biogas uit natuurgras Eindrapportage 2013; Eindrapportage.
[37] Doppstadt. Doppstadt, mobile machines for pre-treatment and filtering of

roadside grass; 2014.
[38] Biogas Plus. Energy use of pasturization system for biogas feedstocks 2012;

2014.
[39] Gebrezgabher SA, Meuwissen MPM, Oude Lansink AGJM. Energy-neutral dairy

chain in the Netherlands: an economic feasibility analysis. Biomass Bioenergy
2012;36:60–8.
[40] Energie- en milieu-informatiesysteem voor het Vlaamse Gewest. Mest:
Mechanische scheiding; 2015.

[41] PF10 Impianti Industriali. Low Consumption Vacuum Evaporators and
Concentration units; 2015.

[42] Pre. The attributed Life Cycle Analysis Model SimaPro 2013; 2013.
[43] Ecoinvent. Ecoinvent: Database of consistent, transparent, and up-to-date Life

Cycle Inventory (LCI) data; 2014.
[44] Wageningen UR Lr. Handboek snijmais (Handbook maize silage); 2011.
[45] Pöschl M, Ward S, Owende P. Evaluation of energy efficiency of various biogas

production and utilization pathways. Appl Energy 2010;87:3305–21.
[46] Poeschl M, Ward S, Owende P. Prospects for expanded utilization of biogas in

Germany. Renew Sustain Energy Rev 2010;14:1782–97.
[47] Gerin PA, Vliegen F, Jossart J. Energy and CO2 balance of maize and grass as

energy crops for anaerobic digestion. Bioresour Technol 2008;99:2620–7.
[48] Ehlert P, Zwart K, Spijker J. Biogas uit bermgras; Duurzaam en haalbaar?

(Biogas from roadside grasses); Alterra-report 2064; 2010.
[49] Van Der Voort M, Van der Klooster A, Van der Wekken J, Kemp H, Dekker P.

Covergisting van gewasresten: Een verkennende studie naar praktische en
economische haalbaarheid; 2006 [PPO 530030].

[50] Corre WJ, Langeveld JWA. Energie- en broeikasgasbalans voor enkele opties
van energieproductie uit suikerbiet en bietenblad 2008:197.

[51] Poeschl M, Ward S, Owende P. Environmental impacts of biogas deployment –
Part I: Life cycle inventory for evaluation of production process emissions to
air. J Clean Prod 2012;24:168–83.

[52] Wageningen Lr UR. Kwantitatieve Informatie Veehouderij 2013–2014. 2013–
2014 ed. Lelystad: Wageningen UR; 2013.

[53] Van Der Voort M, De Rooij M. Inventarisatie van biomassa in Flevoland 2011
[PPO 494].

http://refhub.elsevier.com/S0306-2619(16)30651-1/h0130
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0130
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0130
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0135
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0135
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0140
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0140
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0140
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0140
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0145
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0145
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0145
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0160
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0160
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0165
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0165
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0170
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0170
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0175
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0175
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0195
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0195
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0195
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0225
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0225
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0230
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0230
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0235
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0235
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0235
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0250
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0250
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0255
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0255
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0255
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0260
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0260
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0265
http://refhub.elsevier.com/S0306-2619(16)30651-1/h0265

	Lessons from spatial and environmental assessment of energy potentials for Anaerobic Digestion production systems applied to the Netherlands
	1 Introduction
	2 Methods
	2.1 System boundary
	2.2 Municipalities
	2.3 Method for determining the local biomass potential
	2.4 Expressions of the results

	3 Biomass inventory
	4 Biogas utilization pathways
	4.1 The green gas production pathway
	4.2 Combined heat and power
	4.3 Waste management optimization
	4.4 Reference scenarios

	5 Results
	5.1 Theoretical energy yields
	5.2 Energy efficiency process
	5.3 Process energy returned on energy invested
	5.4 Environmental assessment
	5.5 Increase of manure as feedstock

	6 Sensitivity analysis
	7 Discussion
	8 Conclusion
	Appendix A
	References


